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Re-evaluation of microelectrode methodology for the in vitro
determination of pH and bicarbonate concentration. The behavior
of glass, antimony and quinhydrone microelectrodes was
evaluated in an in Vitro system in which the pH of 25- to 35-ni
droplets of standard bicarbonate solutions (equilibrated with
various concentrations of CO2 gas) and of proximal tubular
fluid samples was determined. Whereas measurements with both
the glass and quinhydrone microelectrodes closely approximated
the theoretical pH, the antimony microelectrodes provided
readings from 0.13 to 0.18 pH units below the theoretical values
in solutions of 10- to 50-mM bicarbonate gassed with 5% CO2.
While the antimony microelectrode pH was also invariably
lower than glass at 10 and l5% C02, the magnitude of the
difference was smallest when the absolute pH of the solution
was lowest (low bicarbonate concentration and high Pco2). The
relative performances of the electrodes was not altered by the
addition of physiological amounts of phosphate to the solution,
and similar results to those observed in standard solution were
obtained in tubular fluid samples. The failure of the antimony
electrode to provide accurate in vitro data raises questions as to
its suitability for in vivo application.
Reevaluation de Ia méthode de Ia microélectrode pour Ia
determination in vitro du pH et de Ia concentration de bicarbonate.
Le comportement de microélectrodes de verre, d'antimoine et de
quinhydrone at été évalué dans un système in vitro dans lequel Ic
pH de gouttes de 25 a 35 nl de solutions standard de bicarbonate
(equilibrèes avec des concentrations variables de C02) et
d'échantillons tubulaires proximaux a été déterminé. Alors que
les determinations obtenues avec les microClectrodes de verre et
les microélectrodes a Ia quinhydrone sont trés proches du pH
théorique, les electrodes a l'antimoine donnent des lectures
inférieures aux valeurs theoriques de 0,13 a 0,18 unites pH dans
des solutions de 10 it 50 mi Cquilibrées avec du CO2 5%. Alors
que Ic pH donné par Ia microClectrode it l'antimoine est toujours
inférieur a celui donné par l'Clectrode de verre a 10 et 15% de
CO2. l'importance de Ia difference diminue quand Ia valeur
absolue du pH de Ia solution est plus faible (concentration basse
de bicarbonate et Pco2 élevée). Les performances relatives des
electrodes ne sont pas modifiées par l'addition de quantités
physiologiques de phosphate it Ia solution et des résultats
semblables a ceux observes dans les solutions standards sont
obtenus pour les échantillons tubulaires. L'impossibilité
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d'obtenir des valeurs précises in vitro avec l'Clectrode it l'anti-
moine pose le probléme de son adéquation a des applications in
Vivo.
The development of microelectrodes for measure-
ment of pH and determination of bicarbonate concen-
tration has resulted largely from a desire to understand
the processes involved in the acidification of urine.
More specifically, with the advent of the micropunc-
ture technique [1], attempts have been made to
localize and characterize the intranephron sites and
mechanisms of hydrogen ion addition to (or bicarbon-
ate removal from) the tubular fluid stream. Prompted
by the work of Wearn and Richards [2], in which
quartz capillary pipettes were utilized to collect fluid
from the glomeruli of the frog, Pierce and Mont-
gomery, at the suggestion of Dr. Richards, coated
platinum wire with quinhydrone crystals which they
combined with a calomel half-cell to provide the first
microelectrode measurements of pH, performed on
the glomerular and tubular fluid of amphibia [3, 4].
Investigation of the mammalian kidney with this
technique showed a progressive acidification in the
proximal and distal tubules of the rat [6], whereas
Clapp, Watson and Berliner [7] and Bernstein and
Clapp [8] noted no significant changes in proximal
tubular bicarbonate concentration along the course of
that portion of the proximal nephron which was
accessible to micropuncture in the dog. The quin-
hydrone method involves equilibration of the aspirated
tubular fluid sample with mineral oil containing CO2
gas at a known, arbitrarily selected Pco2. That the
actual intratubular (in situ) pH may, under certain
circumstances, differ from equilibrium values has
been demonstrated by Rector, Carter and Selden [9].
The latter workers, employing a microelectrode made
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from pH-sensitive glass, found that carbonic anhydrase
inhibition produced a significantly lower proximal
tubular pH in situ than an "equilibrium pH" deter-
mined on the aspirated tubular fluid sample with the
microquinhydrone electrode [9]. The production of
suitably insulated glass microelectrodes, of the kind
utilized by Rector et al, has proved to be a tedious
and difficult procedure. Thus, in 1968, Vieira and
Malnic reported the development of a microelectrode
made from antimony metal, which was much less
difficult to manufacture than the glass variety, and
demonstrated a rapid response time and good
stability [10]. Using microelectrodes of this kind,
Vieira and Malnic confirmed the presence of a
"dysequilibrium pH" in the rat proximal tubule
following the administration of acetazolamide [10].
In the course of preliminary studies designed to
evaluate the usefulness of the antimony microelectrode
in determining tubular fluid bicarbonate concentra-
tions in the dog nephron, we encountered some
difficulties in its use which involved the fact that both
in vivo and in vitro pH measurements were quite unlike
those obtained previously in the dog proximal tubule
with microquinhydrone electrodes [7, 8]. The present
study was designed to rigorously evaluate its per-
formance by making in vitro pH measurements of
bicarbonate solutions and tubular fluid samples under
carefully controlled circumstances, and comparing
them to values obtained with glass and quinhydrone
microelectrodes.
Methods
The in vitro test system utilized in this study was
modified from those originally described by Rector et
a! and by Kunau [9, 11]. It consisted of a specially
constructed glass dish within which water was
maintained at a constant temperature and circulated
by means of a circulating pump (Lauda K2D). The
upper surface of the dish was constructed with two
chambers, one of which served to hold buffer samples,
and the other, droplets of bicarbonate standards or
tubular fluids, or both. A grid was scored on the
underside of the top surface so that the droplets could
be easily located and identified under the microscope.
Light mineral oil (Squib, Inc.) was warmed in a con-
densor and was allowed to equilibrate with a water-
pumped gas mixture containing C02, balance air. The
latter was analyzed for CO2 content by the micro-
Schollander technique, and was bubbled constantly
through the oil. The oil continuously perfused the top
surface of the glass dish. One of three concentrations
of carbon dioxide was utilized: 5.0l%, 10.03% or
15.41%; equivalent to 38.1, 76.2 or 117.1 mm Hg,
respectively. The oil in the condensor apparatus
was fed from a larger reservoir, similarly warmed,
through which the gas mixture was likewise con-
tinuously bubbled. Equilibration of the droplets and
the oil, which required approximately 30 mm, was
evaluated by determining the time required for bi-
carbonate standard droplets to reach theoretical pH
value (see Results section) and by direct determination
of Pco2 of the oil (performed with a model 123
Instrumentation Laboratories gas analyzer) obtained
from the surface of the dish. Random checks of the oil
perfusing the surface of the dish revealed excellent
maintenance of constant temperature. Droplets of
buffer, standard bicarbonate solutions and tubular
fluids approximately 25 to 35 nl in size were placed
on the dish by micromanipulation under microscopic
guidance with quartz micropipettes manufactured as
described previously [12]. The pH of these samples was
then measured with a glass microelectrode employing
a reference electrode consisting of a micropipette
filled with 3 M KCI in 2% agar, introduced simultan-
eously into the sample. The circuit was completed with
the addition of a calomel half-cell. For measurements
of pH with the microquinhydrone electrode, the
droplets, which had been equilibrated with the sur-
rounding mineral oil in the dish, were aspirated into
micropipettes containing equilibrated oil which had
been obtained from the surface of the dish. A quin-
hydrone-coated platinum wire was then inserted. The
micropipette thus filled with oil and sample was then
placed in a beaker of saturated KCI (kept at a con-
stant temperature) into which a calomel half-cell had
been placed. The CO2 gas mixture was also bubbled
through the beaker of concentrated KC1 in which the
quinhydrone pH determination was performed.
Electrical potential measurements were made with an
electrometer (Kiethley, model 615) (input impedance:
1014 ohms). The glass dish, reservoir, condensor,
micromanipulators, stereomicroscope and a fiberoptic
illuminator (model 11-80, Americal Optical Co.,
Rochester, NY) were enclosed inside a Farraday cage.
With experience, it was possible to deposit in the
mineral oil droplets of fluid to be tested which
adhered to the glass surface, did not spread and did not
move in the oil stream. Tubular fluid samples were
obtained from the proximal tubules of dogs prepared
for micropuncture by methods previously described
[12, 13]. The arterial pH and Pco2 of these animals
were measured throughout the studies on an analyzer
(model BMS-3, the London Co., Westlake, OH); the
Pco2 was maintained between 35 and 45 mm Hg by
appropriate adjustment of a Harvard respirator.
Several aspirates were obtained from dogs main-
tained in a control status of continued hydropenia, and
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others were procured following the infusion of sodium
bicarbonate solutions. These tubular fluid samples
were either placed directly on the dish or were put
between layers of mineral oil in a microcapillary and
then transferred at once into the in vitro test system.
Electrode manufacture. Microquinhydrone elec-
trodes were made according to the method of Pierce
and Montgomery [3] as modified by Clapp et al [8].
The pH values were calculated according to the fol-
lowing formula:
Eqh — Ecai — EMFpH 0.001982 T
where Eq equals the standard potential of the micro-
quinhydrone electrode, Ecai is the standard potential of
the calomel half-cell and T is absolute temperature
[14]. Following the removal of aspirated tubular fluids
from the nephron, the tips of the pipettes were sealed
with egg albumin.
Antimony microelectrodes were prepared accord-
ing to the technique of Vieira and Malnic [10]. Glass
(Pyrex), approximately 0.8 to 1.0 mm O.D., was
cleaned with chromic acid and then washed with
acetone and distilled water, following which it was
oven-dried. Six-inch lengths of the tubing were connec-
ted to a syringe by polyethylene tubing. Utilizing an
oxygen-acetylene flame, antimony metal (Baker,
99.9% pure, A. H. Thomas Company, Philadelphia,
PA) was rendered molten in a bent Vicor glass tube
through one end of which nitrogen gas was contin-
uously flowed over the surface of the molten metal.
The capillary tubing was introduced into the other end
of the Vicor tube and the metal was quickly aspirated
by firm suction on the syringe. With practice, it was
possible to obtain capillaries in which the metal had
been aspirated for a distance of 2 to 4 cm, without the
presence of bubbles in the antimony column. The
cooled metal-containing glass tubing was then pulled
in a dental torch, following which the tip was formed
from this thinned portion by means of further pulling
in a microforge (deFonbrune, Curtin Scientific, Silver
Spring, MD). A copper wire was attached by melting
the metal in the wide end of the electrode. Tip size
varied from I to 10 i. Microelectrodes which gave
unstable readings or which did not respond instantan-
eously, reaching a stable value in 30 sec, were not
utilized. Before their use in standard bicarbonate
solutions or tubular fluid samples, antimony micro-
electrodes were first calibrated in buffer solutions, and
pH was calculated from the following equation:
V = F0 — 2.303. pH,
where V is the electrical potential difference, E0 is the
standard antimony potential [14], R is the gas content,
T is the absolute temperature and F is the Faraday.
Microelectrodes which gave slopes less than 55 my!
pH unit between 4 and 7, or less than 35 mv/pH unit
between 7 and 8, were not utilized. Pilot studies were
performed in which sodium chloride was added to the
buffers to reach a tonicity of 300 mOsm/kg. This was
observed not to alter the EMF obtained in any buffer.
The effect of oxygen in the C02-air mixture was
evaluated by comparing electrode response when a
N2-C02 mixture was substituted. No differences in
pH measurement were noted under these circum-
stances in preliminary studies performed with several
electrodes.
The glass microelectrode was manufactured from
pH-sensitive glass (Corning, No. 015) according to
the method of Rector et al [9], except that insulation
was not added since the latter was provided by the
mineral oil surrounding the droplets. The tips of these
microelectrodes, which were less than 2 (and were
closed), were formed by pulling the glass (1.0mm
O.D.) in a micropipette puller (Industrial Science
Associates, Inc., Ridgefield, NY). The pipettes were
then soaked in distilled water for seven to ten days
before their use. Those electrodes noted to have open
tips were discarded or resealed and then resoaked.
Chlorided silver wire was then inserted into the wide
end, and the electrodes were placed in a holder
(Lucite). The majority of the electrodes did not reach
the theoretical value of 61.5 mv/pH unit, but elec-
trodes which gave buffer curve slopes less than 45 mv/
pH unit were not utilized. Tip resistances were
measured in several instances and were approximately
1010 ohms. The glass microelectrodes employed in this
study responded within 15 sec, reached a stable EMF
within 45 sec and maintained a reading (±2 my) for
up to an additional five minutes.
Buffers with pH values from 4 through 8 were
employed (Beckman Instr. Co.), and the majority of
the measurements were made at 37°C. Repeated
calibration of the electrodes in the buffer was per-
formed throughout the course of measurements made
in both standard bicarbonate solutions and tubular
fluids. Several electrodes were utilized in each series of
studies. In each case, the bicarbonate concentration of
standard solutions and tubular fluid was calculated
from the Henderson-Hasselbaich equation utilizing a
PKa of 6.10 (for 37°C) and a solubility product
coefficient for CO2 gas of 0.0322 [15]. Sodium chloride
was added to the bicarbonate standards to bring the
final tonicity of each solution to approximately 300
mOsm/kg and a mixture of Na2HPO4 and KH2PO4,
prepared according to the formulation of Hastings and
Sendroy [16], was added to some of the bicarbonate
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Fig. 1. Time required for equilibration of a 25-ni bicarbonate
standard droplet plotted vs. the experimentally determined pH, In
approximately 30 mm, pH of the standard solution (as measured
by a glass microelectrode) achieved the theoretical pH of 7.01
(equivalent to a Pco2 of 38.5).
standard solutions so that phosphate concentrations
of 0.5 to 60 m were obtained.
Data analyses and some of the statistical deter-
minations were performed on a computer (model
PDP-I0) via a remote teletype unit. Standard statistical
methods were employed [17].
Results
In Fig. I is depicted a representative example of the
time required for equilibration of the droplets with
the carbon dioxide gas of the mineral oil with which
they were perfused in the in vitro system. The data
In Table I are recorded the pH readings obtained
with glass and antimony microelectrodes in standard
solutions containing 10, 20 or 30 mmoles/Iiter of
bicarbonate equilibrated with 5.01, 10.03 or l5.41%
carbon dioxide gas. The standard solutions contained
sodium chloride sufficient to bring the final osmolality
of the respective solutions to approximately 300
.
.40
30
20
l0
were obtained by making serial pH measurements of
bicarbonate standard solutions with a glass micro-
electrode. This process can be seen to have required
approximately 30 mm.
Typical buffer titration curves obtained with repre-
sentative antimony and glass microelectrodes are
• shown in Figs. 2 and 3, respectively. The slopes of
• these curves for the antimony microelectrodes ap-
_____________________________
proached the theoretical value of 59.15 mv/pH unit.
0 5 10 15 20 25 30 35 40 Both the absolute electrical potential readings and the
Time mm slopes of the curves for the antimony microelectrodes
are quite similar to those obtained by Vieira and
Malnic [10]. For glass microelectrodes, the range varied
depending upon the age of the electrode (and the state
of hydration), as well as the contour and dimensions
of the tip. However, electrodes selected for use had
slopes no less than 45 mv/pH unit, which is quite
comparable to the values reported in the literature
[9, 20].
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m =61.0
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Fig. 2. Mean calibration curve for eight antimony microelectrodes.
Vertical lines represent 2 s.
1
4 6 8
Buffer pH
E
Buffer pH
Fig. 3. Calibration curves obtained for three representative glass
microelectrodes. The absolute readings (in mV) varied depending
upon electrode age and state of hydration as well as tip size, but
the slope values (m) were quite similar.
4 6 8
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Table 1. In Vitro pH measurement with glass and antimony microelectrodes in bicarbonate standard solutions equilibrated with varying concentrations
of carbon dioxide gas0
Bicarbonate
concentration"
mmoles/liter
CO2
concentration
%
Theoretical
pH°
Glass
micro-
electrode
readings
pH
(glass-
theoretical)
Mean
differences
(± SEM)
Antimony
micro-
electrode
readings
pH
(antimony-
theoretical)
Mean
differences
(± SEM)
Mean
pH
(antimony-
glass)
10
20
30
5.01
10.03
15.41
5.01
10.03
15.41
5.01
10.03
15.41
7.00
6.70
6.52
7.30
7.00
6.81
7.48
7.17
7.00
7.00
6.98
7.03
7.01
6.97
6.73
6.75
6.73
6.69
6.72
6.51
6.52
6.49
6.48
7.32
7.28
7.28
7.27
7.07
7.00
7.03
7.05
7.02
6.82
6.80
6.86
6.75
7.50
7.50
7.52
7.50
7.22
7.17
7.19
7.20
7.24
7.03
7.01
6.99
6.96
0.00
—0.02
+0.03
—0.01
—0.03
+0.03
+0.05
—0.03
—0.01
+0.02
—0.01
0.00
—0.03
—0.04
+0.02
—0.02
—0.02
—0.03
+0.07
0.00
+0.03
+0.05
+0.02
+0.01
—0.01
+0.05
—0.06
+0.02
+0.02
+0.04
+0.02
+0.05
0.00
+0.02
—0.03
+0.07
+0.03
+0.01
—0.01
—0.04
—0.01
+0.01±0.01
—0.02±0.01
—0.01±0.02
+0.03±0.01
0.00±0.03
+0.03±0.01
+0.02±0.02
0.00±0.02
6.66
6.70
6.62
6.77
6.53
6.51
6.40
6.46
6.33
6.50
6.52
6.33
6.23
6.33
6.85
6.90
6.92
6.95
6.70
6.82
6.62
6.68
6.52
6.70
6.73
6.58
6.54
6.51
7.02
7.08
7.22
7.20
6.99
6.97
6.92
6.95
6.77
6.80
6.84
6.74
6.75
6.68
—0.34
—0.30
—0.41
—0.23
—0.17
—0.19
—0.30
—0.24
—0.39
—0.02
0.00
—0.19
—0.29
—0.19
—0.45
—0.40
—0.38
—0.35
—0.30
—0.18
—0.38
—0.32
—0.48
—0.11
—0.08
—0.23
—0.27
—0.30
—0.46
—0.40
—0.26
—0.28
—0.18
—0.20
—0.25
—0.22
—0.40
—0.20
—0.16
—0.26
—0.25
—0.32
—0.32±0.08
—0.26±0.09
—0.17±0.11
—0.40±0.04
—0.33±0.11
—0.20±0.10
—0.35±0.10
—0.25
—0.24±0.06
—0.31
—0.27
—0.12
—0.38
—0.36
—0.20
—0.38
—0.28
—0.24
0 Studies were performed at 25°C. Statistical analysis of the mean differences in pH obtained for (glass-theoretical) vs. (antimony-theoretical) yielded
P <0.001.
b In each case, standard bicarbonate solutions contained sufficient NaC1 to bring final osmolality to 300 mOsm/kg.
Calculated utilizing PKa of 6.18 and a value of 0.0400 for solubility coefficient of CO2 gas in aqueous solutions [15].
mOsm/kg. Several observations are apparent from
these data. First, measurements made with the glass
microelectrodes were quite close to the theoretical
values regardless of the concentration of bicarbonate in
the solution or the amount of CO2 gas with which
these solutions were equilibrated. Only seven of the
40 measurements varied by as much as 0.05 to 0.07 pH
units from the theoretical values. On the other hand,
with the possibile exception of the determinations in
the 10 m bicarbonate standard equilibrated with
l5.4l% carbon dioxide (the most acidic of the various
mixtures), the antimony microelectrodes consistently
read below the theoretical pH values (Table 1).
Differences as great as 0.20 to 0.40 pH units were not
unusual. Second, in general, for each of the three
bicarbonate standards, the greater the amount of
CO2 gas used to equilibrate the solutions, the less
disparate were the values obtained for the antimony
microelectrode from the theoretical pH, or between
the antimony microelectrode readings and those of
the glass pH microelectrode. The mean differences
between glass minus theoretical values, on the one
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Table 2. Summary of comparative in vitro pH measurements with glass, antimony and quinhydrone microelectrodes in standard
bicarbonate solutions
Bicarbonate
concentration
inmoles/liter
Theoretical Glass
pHb microelectrode
readings°
LpH Antimony zpH
(theoretical- microelectrode (theoretical-
glass) readingsc antimony
Quinhydrone
microelectrode
readings°
pH
(theoretical-
quinhydrone)
10
20
30
40
50
7.01 6.99±0.02
7.31 7.32±0.03
7.49 7.51±0.03
7.61 7.61±0.02
7.71 7.71±0.01
—0.02±0,02 6.85±0.02 —0.16±0.03
—0.01±0.03 7.18±0.02 —0.13±0.02
0.02±0.03 7.34±0.03 —0.15±0.03
0.00±0.03 7.43±0.06 —0.18±0.06
0.00±0.02 7.55±0.09 —0.16±0,09
7.03±0.03
7.34±0.03
7.52±0.02
7.66±0.04
7.71±0.02
0.03±0.03
0.03±0.03
0.03±0.02
0.06±0.03
0.00±0.02
Means±sLM 7.43±0.13 0.00±0.01 7.27±0.12 —0,16±0.05 7.45±0.12 0.03±0.01
P values:
pH readingsd Analysis of variance
glass vs. antimony: P< 0.001 glass vs. theoretical: F> 0.90
glass vs. quinhydrone: P>0.05 antimony vs. theoretical: P< 0.001
antimony vs. quinhydrone: P< 0.001 quinhydrone vs. theoretical: P< 0.01
Studies were performed at 37°C; droplets were equilibrated with 5.01% CO2. NaCI was added to bring final toncity to 300 mOsm/kg.
b Calculated utilizing a pKa of 6.10 and a solubility coefficient of 0.0322 [15].
Each value represents the mean obtained in four to five droplets.
Employing Student's t test for nonindependent variables.
hand, and antimony minus theoretical, on the other,
were significantly different from each other (P <0.001,
Table 1).
In a separate series of studies, glass and antimony
microelectrode pH measurements of bicarbonate
standards from 10 to 50 mmoles/liter were compared to
determinations made with microquinhydrone elec-
trodes (Table 2). All of these readings were obtained
at 37°C and at a CO2 concentration of 5.0l% (equal
to 38.5 mm Hg). As in the experiments presented in
Table 1, the values provided by the glass micro-
electrode agreed closely with those predicted from the
Henderson-Hasselbalch equation: the mean pH
(glass minus theoretical) was 0.00±0.03 pH units.
Likewise, despite a slightly greater individual variation
in the results (in particular, in the measurements of
the 40 m standard), determinations of pH with the
microquinhydrone electrodes yielded a mean difference
from the theoretical values of +0.03±0.03 pH units.
However, under the circumstances of this experiment,
the antimony microelectrodes read pH values con-
sistently below the theoretical; mean LpH (from
theoretical) was —0.16±0.05 pH units. Whereas no
significant statistical difference was noted between the
mean pH values obtained with the glass and micro-
quinhydrone electrodes—7.43 0.26 and 7.45 0.25,
respectively (N= 25, P>0.70)—that for the antimony
microelectrode was 7.27±0.25 (P<0.00l vs. glass or
quinhydrone).
An analysis of variance was performed to determine
the degree to which the readings provided by the three
microelectrodes approximated the "true" or theoreti-
cal pH values. For the glass electrode, the variance
value for 25 readings was not different from the
theoretical value (F> 0.90), whereas statistical dif-
ferences were obtained for microquinhydrone (N= 25,
P <0.01) and for the antimony microelectrode (N= 20,
P<0.00l).
In Fig. 4, regression equations have been computed
for each of the three kinds of electrodes, when the
"expected" or calculated bicarbonate concentration of
the various standard solutions (abscissa) was plotted
• Glass microelectrode
A Sb microelectrode
L QH microelectrode
300
c) L
20/110
0 10 20 30 40 50
Calculated [HC03]
mmoles/liter
Fig. 4. Comparison of calculated (or "theoretical") bicarbonate
concentrations (abscissa) of 10- to 50-mM standard solutions to
the experimentally determined values (ordinate) for glass, anti-
mony and quinhydrone microelectrodes. Each data point is the
mean of four to five determinations. The regression equation for
cach electrode was calculated from the individual values (glass
and quinhydrone, N= 25; antimony, N= 20).
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against the experimentally determined val
nate), calculated from the actual (measured) pH and
Pco2 of the gas mixture. The regression equation for
the values obtained for the glass microelectrodes,
y=0.166 + 1 .OOlx (r=0.994, P< 0.001) is virtually
coincident with the line of identity. For the micro-
quinhydrone data, the equation for the regression line
is y= 1.06+ 1.017x (r=0.985, P<0.OOl), which is
displaced only slightly from the line of identity.
Analysis of covariance revealed a barely significant
difference (P= 0.05) between the slopes of the equations
representing the values obtained with the glass and
quinhydrone microelectrodes, and the slope of the
regression equation for the antimony microelectrode
values, y =0.462 + 0.68 lx (r =0.941, P <0.001), dif-
fered from that for the former two electrodes (P<
0.001 and P<0.00l, respectively). This plot of the
data demonstrates the fact that the higher the bicar-
bonate concentration of the standard solution (at
5% C02), the greater the variation in the deter-
mination of bicarbonate concentration obtained with
the antimony microelectrodes as compared to either
the theoretical values or the observed readings of the
other two microelectrodes (Fig. 4). Furthermore,
within the range of 10- to 50-mmoles/liter bicarbonate
concentration, the variation introduced by the
antimony microelectrode is such that the latter reads
consistently below the glass or microquinhydrone
values.
The data presented in Table 3 compare the concen-
trations of bicarbonate determined in 15 tubular fluid
samples as examined with each of the three micro-
electrodes under study. These specimens were obtained
from proximal tubular punctures of dogs which were
either experiencing control acid-base conditions, or
had been bicarbonate-loaded. There was essential
agreement between the glass and microquinhydrone
results: mean bicarbonate values were 39.0±4.8 and
37.8 4.4 mmoles/liter, respectively (P>0.70). How-
ever, as was the case in the measurement of bicarbonate
standards, the antimony microelectrodes read in-
variably below the glass and quinhydrone values;
mean bicarbonate concentration was 23.1 2.7
mmoles/liter (P<0.00l). Furthermore, as was the case
in the bicarbonate standard solutions (Fig. 4), the
greater the absolute concentration of bicarbonate, the
larger the disparity in the measured values.
Additional studies, presented in Table 4, were
performed as follows: First, in order to evaluate the
possible contribution of phosphate (a normal con-
stituent of tubular fluid) to the performance of the
various microelectrodes, studies were carried out in
which both physiologic and pharmacologic amounts
of this ion were added to the bicarbonate standard
by three varieties o mtcroe1ectrocies
Specimen
No.c
Bicarbonate concentration,b mmoles/liter
Glass Antimony Quinhydrone
1 51 31 48
2 75 47 68
3 51 35 46
4 49 30 51
5 19 12 18
6 22 16 21
7 23 13 26
8 20 12 20
9 61 27 70
10 56 25 40
11 56 32 45
12 25 17 40
13 26 17 25
14 25 16 24.5
15 25.5 17 24.5
Means SD 39.0± 4.8 23.1 2.7 37.8± 4.4
P values: Microquinhydrone vs. glass: NS
Antimony vs. glass: P< 0.00 1
Microquinhydrone vs. antimony: P< 0.001
Studies were performed at 37°C. Each value represents the
mean of two to three readings.
b Calculated from the electrode pH measurement and Pco2 of
gas mixture (5.01%), employing a pK of 6.10 and a0,0322
[15].
Specimens 1—4 and 9—12 were obtained in bicarbonate-loaded
animals, the remainder during (control) hydropenia. Arterial
blood Pco2 was maintained at 35 to 45 mm Hg in all experiments.
solutions. The phosphate mixture (Na2HPO2-K2HPO4)
was prepared so as to have a pH of 7.00 [211, and
varying amounts of this mixture were then added to
standard bicarbonate solutions. A final tonicity of
approximately 300 mOsm/kg was achieved with the
addition of NaC1. Second, there was the possibility
that a zeta potential existed, the result of an aqueous
monolayer surrounding the pH-sensitive surface of the
antimony electrode, thus preventing an adequate
exchange of ions between the solution and the anti-
mony oxide. This kind of interference with the
migration of ions could have caused the electrode to
record low values. To evaluate this potential difficulty,
readings were taken both during the quiet bubbling
of the C02-containing gas mixture into the various
solutions, as well as with the imposition of vigorous
solution movement provided by a magnetic stirrer at
the bottom of the beaker. In Table 4 are given the
results of a representative series of such studies, per-
formed with a single electrode, but which are typical
of the responses noted with several electrodes. The
data provide the following information: 1) When
amounts of phosphate which simulate physiological
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Table 4. Effects of the addition of phosphate to bicarbonate standard solutions and of vigorous stirring on the measurement of pH by
glass and antimony microelectrodesa
Bicarbonate Phosphate Antimony microelectrode Bicarbonate Phosphate Glass microelectrode
concentration
mmoles/liter
added
mM
readings concentration
mmoles/liter
added
mM
readings
Unstirred Stirred Unstirred Stirred
10" 0
1
2
3
4
6
8
10
20
30
50
6.76
6.74
6.80
6.76
6.80
6.81
6.74
6.80
6.85
6.85
6.85
6.76
6.74
6.80
6.70
6.81
6.83
6.77
6.83
6.87
6.89
6.87
10" 0
2
10
50
6.98
6.96
6.98
7.02
7.00
7.02
7.00
7,06
30° 0
10
20
60
7.30
7.14
7.12
7.00
7.30
7.12
7.05
7.02
30° 0
2
10
60
7.53
7.51
7.43
7.18
7.47
7.47
7.39
7.20
30° 0
2
7.08
7.12
7.10
7.08
a Experiments were performed at 25°C.
"Theoretical pH of 10-mM bicarbonate standard (without added phosphate) is 7.01.
Theoretical pH of 30-mM bicarbonate standard (without added phosphate) is 7.49.
circumstances (1.0 to 2.0 mM) were added to the
10-mM bicarbonate standards, there was very little
change in the pH value obtained in the solutions as
determined either by the glass or antimony micro-
electrodes. 2) However, when progressively larger
amounts of the phosphate mixture were added, the
pH of the solution as measured by the antimony
electrode began to approach, but did not reach, that
of the phosphate buffer mixture (7.00) or the theoreti-
cal pH of the bicarbonate standard solution (equal to
7.01). The glass electrode continued to provide a pH
close to the theoretical value despite the presence of as
much as 50 mmoles of phosphate. 3) The addition of
2 m phosphate to a standard solution containing
30 m bicarbonate (expected pH=7.49) did not alter
the pH of the solution as determined by the glass
electrode; when increasingly larger amounts of
phosphate were employed, however, the pH of the
solution began to change as the influence of the large
amounts of phosphate solution became predominant,
such that the addition of 60 m phosphate reduced
the measured pH from 7.53 to 7.18. 4) In the 30-mM
bicarbonate standard, the pH of 7.30 (expected pH =
7.49) recorded by the antimony microelectrode when
no phosphate was present gradually declined, the
greater the amounts of the phosphate buffer added, so
that when a phosphate concentration of 60 mrvt had
been reached, the electrode read essentially the pH of
the phosphate buffer mixture (7.00). 5) Finally, vig-
orous stirring of the solutions caused no consistent
change in the pH determination by either electrode,
regardless of the amounts of bicarbonate or phosphate
present. The stirring experiments do not rule out, of
course, the formation of complexes between the
metal and ions of the solutions tested.
Fig. 5 demonstrates an additional variable affecting
the behavior of the antimony electrode discovered
during the course of this investigation. Use of the
electrodes shortly after their manufacture produced
pH readings lower than those obtained if the same
electrodes were allowed to age. As the time between
manufacture and use of the microelectrodes was
allowed to increase to four to six weeks, pH readings
which more closely approximated (but never reached)
the theoretical pH values were obtained. Furthermore,
this behavior of the microelectrodes as regards time
was similar regardless of the absolute amount of
bicarbonate present in the standard solution. There-
fore, all of the data presented in the foregoing report
were obtained with electrodes which had been "aged"
for at least four weeks.
Discussion
Because of the simplicity and sturdiness of its
construction, the antimony electrode was originally
utilized in industrial applications in which, however,
its use has largely been supplanted with the develop-
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Fig. 5. Evaluation of the effect of antimony microelectrode age on
the p11 values obtained in 10- (circles), 20- (diamonds) and 30-mM
(triangles) bicarbonate standards in representative studies. A
single microelectrode was utilized at the intervals noted
(abscissa) for each of the bicarbonate solutions. Dashed lines
represent the theoretical pH values for each of the standards,
gassed with 5.0l% CO2 at 25°C (10mM: 7.00; 20mM: 7.31;
30 mM: 7.49).
ment of more ruggedly constructed glass electrodes.
The basis of its pH-sensitivity is the reaction of hydro-
gen ions with antimony oxide which presumably
forms a coating on the surface of the metal: Sb203 +
6H +6e±2Sb+3H2O [21]. Its accuracy in pH
measurements has frequently been reported as less
than desirable, a characteristic which probably results
from interferences common to many electrodes of the
oxidation-reduction type [21, 22]. Most importantly,
the electrical potential developed by the electrode is
known to vary with the composition of the buffer
used [23, 24], with stirring [18, 19, 22] and with the
presence of various oxidizing and reducing substances
in the test solution [21, 22]. Furthermore, the elec-
trode has been found to be sensitive to anions of
hydroxy acids such as tartrate and citrate which form
complexes with the metal, as well as to metaphosphate
and oxalate [20, 23, 24]. Oxidizing agents have been
reported to shift the potential to the positive side, and
reducing agents, to the negative side [21].
The development of accurate, easily manufactured
pH-sensitive microelectrodes is of crucial importance
in the continued expansion of our knowledge regarding
the intratubular events involved in the transport of
bicarbonate. It has become increasingly apparent that
the study of these phenomena must include the mea-
surement of pH and bicarbonate concentration both
in vivo and, after appropriate equilibration, in vitro
[9, 10]. Requisite for the employment of any micro-
electrode system is the demonstration that it provides
reliable measurements when calibrated in standard
solutions. More specifically, since the major extra-
A A cellular buffer is the bicarbonate-carbonic acid system,
aqueous solutions containing these components must
be utilized to verify electrode acceptability for use in
biological systems. Because of the relative ease with
which it can be manufactured, its rapid response time
and the capability for in situ measurement, the anti-
mony microelectrode would appear to offer substantial
advantages over both the glass and quinhydrone
varieties [10]. In the investigations reported in this
communication, constant temperature, complete
equilibration of the sample droplets with carbon
dioxide gas and freedom from electrical interference
were carefully ascertained. Under these experimental
circumstances, the antimony microelectrode provided
pH readings invariably lower than either theoretical
values or those determined with glass or quinhydrone
microelectrodes, whereas, glass microelectrode pH
measurements were not different from theoretical
values.
In their original exposition detailing the charac-
teristics of the antimony microelectrode, Vieira and
Malnic reported on their experience with the measure-
ment of pH in rat tubular fluid both in situ and in
vitro. In 16 paired examinations of proximal tubular
fluid samples obtained from control rats, these
workers noted a mean disparity of 0.14 pH units (with
the mean in vitro value higher than that for the in situ
readings). This figure did not reach statistical signifi-
cance [10]. However, an evaluation of additional data
by these workers has resulted in the finding that when
better than 60 paired observations were analyzed, a
mean difference of 0.065 pH units was obtained, which
was statistically significant [25]. Utilizing an in vitro
system similar to that employed in the present study,
Kunau reported no major discrepancies between
theoretical and measured pH values in bicarbonate
standards from 5 to 20 m, gassed with 5% C02,
although extensive studies were not presented [11]. A
more detailed investigation of this question is pro-
vided by the recent work of Karlmark, who com-
pared in vitro measurements of bicarbonate solutions
from 3 to 30 m containing 2 mr's NaH2PO4 + 2 mM
Na2HPO4 at CO2 tensions of 3,5 and 12%, utilizing
glass and antimony microelectrodes [26]. Obtaining
results similar to ours, he found that bicarbonate
concentrations measured with the antimony micro-
electrode were consistently below the expected values,
wheareas, unlike our study, the glass electrode values
were slightly above the "nominal" concentrations.
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While the exact reasons for the difficulties encoun-
tered in measuring the pH of standard bicarbonate
solutions and tubular fluids in vitro cannot be identi-
fied with assurance from the present data, nevertheless,
certain considerations are suggested by the experi-
mental observations. First, the data demonstrate that,
in general, the higher the bicarbonate concentration of
standard solutions, or the lower the CO2 concentration
with which they were equilibrated, the more divergent
were the glass and antimony (or, theoretical vs.
antimony) readings. These findings suggest a sensi-
tivity of the metal oxide electrodes to anionic concen-
tration (in this case, of course, to bicarbonate). Again,
although the data in no way prove this contention,
they are compatible with the hypothesis that bicar-
bonate in this instance may be acting as an "oxidizing"
substance, shifting the electrical potential developed to
more positive values [21].
Secondly, it is possible that the difference in the
behavior of the antimony microelectrodes from that
of glass or microquinhydrone might have resulted
from the fact that pure phosphate buffers were not
utilized to calibrate the electrode, as was the case in
the study of Kunau [11]. There are, however, several
problems with this explanation: 1) It must be pointed
out that the buffers employed in this study were quite
like those used by Vieira and Malnic [10]. 2) Further-
more, when enough of the phosphate mixture
(Na2HPO4-KH2PO4) was added to the bicarbonate
standards to essentially convert the solution to a
phosphate buffer (50 to 60 mM) [16, 27, 28], the anti-
mony microelectrode did read the expected pH of the
phosphate mixture. However, it continued to provide
low pH values for the bicarbonate standards con-
taining physiological amounts of phosphate, as com-
pared to readings obtained with glass electrodes. 3)
The EMF developed by the antimony microelectrodes
and the slopes of the buffer curves obtained were
quite like those reported by previous workers [10].
These data tend to indicate, therefore, that the buffers
utilized in calibrating the electrodes were not a source
of the difficulty encountered in measuring bicarbonate
concentration with the antimony microelectrode.
Thirdly, a consistent error in pH measurement may
have been introduced, only in the case of the antimony
microelectrode, by either tip or liquid-liquid junction
potentials. The former cannot have been the case since
antimony electrodes with tips as large as 10 pro-
duced the same results as those with much smaller
tips, and the resistance of all of the antimony elec-
trodes was greatly exceeded at all times by the input
impedance of the electrometer (usually by a factor of
at least 10 ohms). As regards the latter problem,
liquid-liquid junction potentials are difficult, if not
impossible, to measure with great precision [29].
However, both in terms of the absolute magnitude of
the electrical potential at a given pH, as well as in
regard to the slopes of the curves generated by the
buffers, our antimony microelectrodes behaved in a
virtually identical fashion to those employed by
Vieira and Malnic [10].
Finally, the error noted in pH measurement was not
a function of the miniaturization of the antimony
electrode since pilot studies with macroantimony
electrodes yielded virtually identical results.
The comparison of quinhydrone and glass pH
determinations provides qualified support for the
former method, a major disadvantage of which is that
the microelectrode can be utilized for only a single
determination. Thus, while the variation (from
theoretical pH) of individual readings was greater than
that for the glass microelectrodes, nevertheless, mean
values for any group of determinations compared
quite favorably to the theoretical and glass micro-
electrode readings. Unlike the experience of Rector et
at and Kunau et al [9, 30], reliable measurements
were obtained in specimens larger than 10 nl in size
even at elevated levels of bicarbonate concentration.
Irrespective of the mechanisms (currently unknown)
responsible for the anomalous behavior of the anti-
mony microelectrode in bicarbonate solutions and
tubular fluids in vitro, the experimental results reported
here suggest the need for a careful re-evaluation of its
performance in vivo. The employment of a "correc-
tion" factor for values determined with this electrode
as recommended by Karlmark and Sohtell [26] seems
to us a risky venture, given the observation that the
degree of divergence from glass electrode or theoretical
values may well be dependent not only upon the
absolute amount of bicarbonate present in the
solution, but also on the CO2 tension of the equilibra-
tion gas mixture.
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